The purpose of this research was to prepare silver nanoparticles in a tubular reactor using tannic acid as both a reducing agent and a stabiliser. The stability of the process was determined using statistical analysis with control charts. The qualitative analysis of the resulting colloidal silver nanoparticles was investigated using UV-Vis spectroscopy, dynamic light scattering method and the transmission electron microscopy. Particles with average sizes ranging from 14 to 60 nm were obtained. Stability of the process was achieved mainly through the use of 0.5 Tannic acid/AgNO 3 molar ratios and temperature ranging from 20 to 45°C. The proposed technique is consistent with the principles of green chemistry and can be an alternative for traditional nanosilver synthesis.
Introduction
Due to the growing interest in products composed of components at the nano scale, the demand for the production of nanoparticles, including mainly nanosilver, is increasing [1] . Currently, due to the relatively small quantities, nanosilver is produced in batch processes using mostly reduction methods. These methods do not require harsh process conditions, such as high temperature, and the process is relatively fast [2] . The factors affecting the quality of the process include: the type of nanosilver precursor used, the reducer and stabiliser, and physicochemical parameters such as temperature and pH of the solution [3] .
In the past decade, environmentally benign synthesis of nanoparticles has received increasing attention. According to the principles of green chemistry, processes are being developed and implemented to reduce or eliminate the use and production of hazardous substances. In the production of silver nanoparticles, sodium borohydride [4] , hydrazine [5] , or formaldehyde [6] are mostly used as reducing agents. However, obtaining nanosilver using the aforementioned compounds has a negative impact on the environment. These substances are highly toxic and some are also carcinogenic. Instead, substances of natural origins that are not toxic to the environment are increasingly used as a reducer or stabiliser. For instance, gallic acid [7] , sodium citrate, and glucose are environmentally friendly substances. Some of them act both as reducing and stabilising agents, which decreases the number of compounds used in the synthesis process. An example of such substance is tannic acid belonging to tannins, derivatives of polyphenols. Combination of reducing and stabilising properties results from its construction. Tannic acid consists of a glucose molecule, to which polygalloyl ester chains are attached. Under basic conditions tannic acid hydrolyses into glucose and gallic acid molecules. Glucose is widely known as a stabiliser agent whereas it is a weaker reducer, compared to widely known reducers, sodium borohydride, among others. In contrast, gallic acid has good reducing properties but low stabilising properties. In this way, both compounds act synergistically ensuring good conditions for obtaining nanoparticles [8, 9] . Tannic acid takes part in redox reactions by forming quinones and donating electrons. The presence of electrons allows to reduce metal ions in metal salts to form corresponding metal nanoparticles. The reaction mechanism of tannic acid-based reduction of silver ions is outlined in Fig. 1 . The activation of the acid takes place in the presence of hydroxyl groups, hence the solution of the hydroxide, e.g. NaOH, is added to the system [9] .
Currently, most methods of nanosilver production are carried out batch-wise in the laboratory. The disadvantages of that solution are poor reproducibility and long process time. An alternative to a batch process is to feed the reactants continuously into the reactor. A limited number of nanoparticles are being created in a continuous process. However, continuous systems are becoming more and more popular, as is apparent from the amount of articles related to this topic. Chou et al. carried out studies on the continuous precipitation of silver nanoparticles [10] . They investigated the effects of the concentrations of the silver precursor and stabiliser and the effect of the flow rates of the reacting solutions. The synthesis reaction was carried out in a simple microchannel reactor. Baber et al., using microfluidical coaxial flow reactor, investigated effect of flow rate and concentrations of reagents on size and distribution of silver nanoparticles. They achieved monodispersed nanoparticles with a spherical shape and particle size less than 10 nm [11] . Tai et al. [12] used a spinning disk reactor with glucose used as a reducing agent. They achieved particles in range from 4 to 10 nm, but the conversion was only 70%. In other studies, different constructions of the reactors were investigated, for example a narrow channel reactor [13] , a T-shaped mixer with a tubular reactor [14] , and a microchannel reactor [10] . He and Liu synthesised nanosilver in an organic solvent using silver acetate as the precursor with a capillary microflow reactor in a high-temperature oil bath at 170°C [15] . Deshpande and Kulkarni analysed kinetics of silver nanoparticles synthesis using citrate reduction. They used several reactor configurations among others segmented flow reactors and 3D flow reactor. The researches established particle size distribution and conversion rate for nanosilver production process [16] . Interesting results were presented by Cristaldi et al. who, using the method combining 3D printing of master moulds with the sealing of the PDMS channels' replica, made a microreactor for the production of organic and inorganic nanoparticles. To demonstrate the usability of the technique, reactors were applied to the production of silver nanoparticles and liposomes. The advantage of the work was the development of a cost-effective and easy-to-perform fabrication method for continuous flow reactors production [17] .
The aim of this work was to study the production process of nanosilver in a tubular reactor using tannic acid as both a reducing agent and a stabiliser. In the research, the effect of the tannic acid concentration and the effect of temperature on the final properties of silver nanoparticles were investigated. Reactor stability was also checked using control charts.
Materials and Methods

Materials
Silver nitrate (99.9%, Sigma-Aldrich) and tannic acid (Sigma-Aldrich) were used in this work to synthesise nanosilver colloids. The concentration of the precursor solution was 500 [mg Ag ? /dm 3 ]. The molar ratio of tannic acid to Ag ? (nT/nAg) was examined in range from 0.2 to 0.8. The initial pH of the solution was 10 and it was adjusted by adding 0.20-0.25 M NaOH (98.8% POCH).
The Continuous Production of Silver Nanoparticles
The continuous production process of silver nanoparticles was carried out in a glass tubular reactor. A schematic diagram of the experimental setup is presented in Fig. 2 . Parameters of the reactor and flow rate of each reagent are reported in Table 1 . Solutions: silver nitrate, tannic acid and sodium hydroxide were fed with piston pumps (Micropump HPLH, Conbest). Flow rates of the reagents were constant and the reagents volume ratios were equalled 9:1:1 for AgNO 3 ; tannic acid and NaOH solutions, respectively (values of flow rates of reagent are compared in Tab. 1). Due to the laminar flow of mixture inside the Fig. 1 Reaction mechanism of tannic acid-based reduction of silver salts [9] reactor (16.44 \ Re \ 16.78), the inlets of the individual reactants were directed at 60°. The construction allowed to mix reagents in high degree, without adding additional improvements. The reactor consisted of an internal glass tube in which the synthesis reaction took place and an external glass tube in which water circulated, maintaining constant temperature conditions. Water has heated by an external thermostat with water circulation.
For the analysis of processes, each measurement of the synthesis of nanoparticles was tested for 90 min. 10 ml of the sample with the nAg suspension was collected every 5 min and analysed by UV-Vis Spectroscopy. In this study, the effect of the molar ratio of tannic acid to AgNO 3 and the effect of temperature (in the range of 20-70°C) for the creation of nanosilver was determined.
The characteristics of the nanoparticles were examined by UV-Vis spectroscopy. The analysis of UV-Vis spectroscopy was performed using Rayleigh UV18000 spectrophotometer at 1 nm resolution. Concentration of silver ions in the final solution was determined by the potentiometric method using a silver-sulphate and a reference electrode (Hydromet company) connected to the multimeter CX-701 by Elmetron. The degree of conversion of silver ions was determined as the difference between the initial concentration and the final concentration of silver ions. Conversion of silver ions was evaluated by the following formula:
The resulting monodisperse nanoparticles of silver colloids were examined using electrophoretic dynamic light scattering (DLS) (Malvern Instruments, ZS-90 and Brookhaven, zetaPALS). To illustrate the size and shape of particles, microphotographs of obtained samples were taken using transmission electron microscopy technique (TEM) with EDX and elemental mapping mode using Tecnai Transmission Electron Microscope, F20 X-Twin, FEI Europe.
The Control Charts
The stability of the reactor was tested with two types of control charts. The control charts on X and the moving range R were created by analysing the average diameter of nanoparticles determined by the DLS method. The multidimensional Hotelling T 2 control charts were based on the UV-Vis analysis. The wavelength range (404-416 nm) was chosen based on the characteristics of the absorption band of nanoparticles associated with the presence of surface plasmons and for silver nanoparticles in the range of 400-440 nm [18, 19] .
Results and Discussion
Effect of the Tannic Acid Concentration and Temperature
The effects of the molar ratio of tannic acid to silver ions and effect of temperature on the degree of silver ions conversion, as well as the size and dispersion of the resulting nanoparticles, were examined Fig. 3 presents Operative total flow rate Fv ll=s ½ 330
Continuous Production of Silver Nanoparticles 543 spectrum plot of silver nanoparticles for different process conditions. The symmetry of the peaks, especially no blur of the peaks towards the larger wavelengths, indicated a homogeneous distribution of the size of the nanoparticles. The AgNPs plasmonic response, presented on the figure, are depends on size and shape of particles, dielectric environment, and on mutual electromagnetic interactions among particles in close adjacency [20] . Correlating the AgNPs plasmonic properties with their morphology, by UV-visible spectroscopy is a fast and easy way for in situ monitoring of the nanosilver synthesis. This is very useful, for instance, in the control processes, while the stability and quality of the particles is specially required. Other methods of nanoparticles characterisation as transmission electron microscopy analysis, even though present more information on products, require many additional preparation stages, which could modify samples. For nT/nAg equals 0.5, the size distribution analysis (Fig. 4 ) revealed high homogeneity of samples over the whole processing time. The largest particle size distribution was noticed in processes running at 70°C. Higher divergences in diameters may result from uneven energy transport resulting from laminar flow in the reactor.
The obtained values of average particle diameter, conversion of silver ions and zeta electrokinetic potential are presented in Table 2 . The measurement of the zeta electrokinetic potential was performed for exemplary samples. The total stability of the system is influenced by two types of stabilisation of silver nanoparticles: steric stabilisation and electrochemical stabilisation. As a result of the presence of large molecules, tannic acid prevented the silver particles from being in close contact, causing the formation of the so-called steric effect [21] . On the other hand, the system was stabilised as a result of electrostatic stabilisation, which is described by the zeta potential. The presence of sodium hydroxide affected the pH of the system, which affects the value of the zeta potential. Combining both phenomena, it was noticed that the higher concentration of tannic acid, the lower pH of the system and, consequently, the lower zeta potential. At a constant concentration of sodium hydroxide, as the concentration of tannic acid in the solution increases, the proportion of reactions between tannic acid and hydroxide increases, which limits the effect of NaOH on silver nanoparticles. However, despite the lower proportion of electrostatic stabilisation, the increase in the concentration of tannic acid contributes to the increase in the steric effect, hence the stability of the system is preserved.
To check the stability of the colloids, after 3 months the solutions of silver nanoparticles were again analysed with UV-Vis spectroscopy (Fig. 5) . Silver nanoparticles produced in 20°C with different tannic molar ratio to silver ions are presented. Overtime nanoparticles where nT/nAg was equal to 0.5 or 0.8 were still stable. Only small changes towards slight increased particle sizes were observed. Overtime nanosilver with tannic to silver ions molar ratio equal 0.2 was characterised with lower spectrum what confirms lower stability of product compared to other samples.
A comparison of the influence of temperature and molar ratio of tannic acid to silver ions was performed using a two-factor analysis of variance. Table 3 summarises the results of the analysis. The parameters significantly influencing particle diameter and the degree of conversion were the temperature and temperature interaction with the change in the molar ratio of tannic acid to silver ions (nT/ nAg) what confirmed p value (probability value) below 0.05. The increase in temperature caused both an increase in the conversion rate and an increase in average particle diameter. The molar ratio of nT/nAg significantly affected the degree of conversion, causing a decline. In the case of particle diameter analysis, the effect of changes in the molar ratio nT/nAg was not confirmed, which may result from a sufficient concentration of tannic acid even when the molar ratio nT/nAg was lowest. The effect of temperature and the effect of the molar ratio of tannic acid to silver ions on mean diameter of particles and conversion rate of silver ions are shown in Fig. 6 . Comparing the results with the Uv-Vis analysis, slight changes in the obtained spectra are visible. With the increase of the molar ratio of nT/nAg, the shift of the nanosilver peak towards longer wavelengths is noticeable. This confirms the increase in particle size. Additionally, it can be seen that, as the temperature rises, the absorbance at constant nT/nAg increases (Fig. 6) , what suggest that the temperature affects the degree of process conversion. Fig. 6 The diagram of the effect: a of the molar ratio tannic acid to silver ions for mean diameter of particles, b of the molar ratio tannic acid to silver ions for conversion rate of Ag ? c of the temperature for mean diameter of particles, d of the temperature for conversion rate of Ag
Multidimensional Control Charts
The main challenge associated with the continuous process is to maintain stable reactor operation. It is convenient to use control charts for process control and observation of deviations in process variables [22] . Control charts, also known as Shewhart charts, are an Statistical Process Control (SPC) tool that allows effective supervision of the process, observation of changing trends in it, and to take appropriate corrective actions in a sufficient time frame as to not allow them to exceed the acceptable limits of the controlled parameters [23, 24] . The stability of the continuous process was examined on the basis of UV-Vis and DLS analysis. The UV-Vis method is a method that directly allows to study the quality of the process of silver nanoparticles creation and, together with the control charts, detect incompatibilities caused by poor reactor operation. In the UV-Vis spectrum, a characteristic absorption peak for silver nanoparticles is visible in the 400-440 nm range. The maximum absorbance depends on the shape, particle size, aggregation level, etc. [17] . For the nanosilver-tannic acid system, control charts were prepared for each process using data collected from the UV-Vis analysis in the wavelength range 404-416 nm. Chart analysis suggested that a stable process was obtained in processes in which the ratio of tannic acid to silver ions was 0.5 and 0.8 over the entire temperature range. At the smallest concentration of the reducer, the process shows instability, which was also confirmed in the DLS studies.
Examples of control charts for the process of creating silver nanoparticles, depending on the molar ratio of tannic acid to silver ions and temperature, are presented in Fig. 7 . Hotelling 2T control charts evaluate stability of processes using multiple related quality characteristics and show differing samples from each series. X-bar charts and R charts present the samples means and the samples ranges of particles size with upper and lower control lines. As long as the plotted points are between the extreme lines, the system remains stable. Processes in which nT/nAg was 0.5, despite different temperatures, are characterized by good stability. The smallest dispersion of points was obtained for the process in which the molar ratio of tannic acid to silver ions was 0.5:1, the process was carried out at 20°C. Therefore, in order to obtain a stable working system of the reactor and to obtain silver nanoparticles with the same parameters, the process should be carried out for the given conditions. Additionally, control charts of X and R show that the differences between measurements are the lowest for the 20°C which suggests choosing this system as the most stable one.
The process carried out in a continuous system requires the selection of appropriate parameters ensuring good product quality as well as checking how the impact of parameters affects the stability of the reactor operation and the reproducibility of the results. Simultaneous analysis of the influence of parameters and the course of the control charts suggests that the parameters in which the reactor works stably, the conversion rate reaches sufficient values, and the size distribution of the nanoparticles is as low as possible are 20°C or 45°C and nT/nAg equal 0.5. For the presented data, the control charts are characterised by the smallest spread, and there are no points outside the range of system stability. The nT/nAg ratio of 0.2 did not result in stable reactor operation. In turn, nT/nAg at 0.8 reduced the conversion rate. In addition, a lower concentration of tannic acid is preferred due to the reduction of manufacturing costs of nanosilver.
In this research, the data collected by UV-Vis and DLS were used to determine the stability of the process. Control charts based on UV-Vis are characterised by direct results and the method is cheaper compared to the DLS method. On this basis, it can be suggested that the UV-Vis method can be successfully used to test the control of the continuous formation of silver nanoparticles. Figures 8, 9 and 10 show the UV-Vis spectra, size distribution by intensity and TEM images of nanosilver colloid prepared in tubular reaction under the optimum reaction parameters: nT/nAg = 0.5 and T = 20°C. Figure 9 confirmed uniform size of nanoparticles. The particles have spherical shape in the range of about 5-40 nm (depending on the process parameters). The particle size histogram was obtained by measuring at least 100 NPs. Based on histogram, silver nanoparticles were characterised by high homogeneity and spherical shape. The range of obtained diameters was between 3 and 10 nm, for all particles (under the optimum reaction parameters). Analysis of EDX spectra of sample with nT/nAg equalled 0.5 synthesized in 20°C. The nanosilver particles (bright contrast) are verified also by EDX. In the spectra of area Fig. 9 , which includes bright spots, there is a clear peak of Ag confirming its presence. Additionally, presence of sodium was detected. The Cu peaks, presented on spectra, come from the carbon coated copper foil that was used to achieve the electron microscopy images. Size of nanoparticles achieved by DLS method showed bigger particles (range of 14-60 nm). The dynamic light scattering method presents the hydrodynamic diameters of the particles including outer layer of the solvent particles. Hence the diameter results obtained from the TEM analysis are smaller compared to the diameter obtained by the DLS method. The UV-Vis absorption spectra of these nanosilver colloids revealed a high intense plasmon absorption peak near 415 nm, what is characteristic for silver nanoparticles [18, 19] . The changes of position and shape of the absorption spectrum of the nanoparticles were not observed. Stable absorption spectrum over time confirmed homogenous particles distribution and constant concentration of silver nanoparticles.
Principles of Green Chemistry
According to the principles of green chemistry, substances should be safe for the environment in addition to their primary functions [25, 26] . In the process of nanoparticles production, scientists search compounds which, apart from non-toxic properties, would both act as reducer and stabiliser, [19, 27] . Such compounds include organic chemical compounds from the group of unsaturated polyhydric alcohols, such as ascorbic acid, or compounds from the group of phenolic acids, like tannic acid or gallic acid [28] . Anastas and Warner defined green chemistry as the utilization of a set of principles that reduces or eliminates the use or generation of hazardous substances in the design, manufacture and application of chemical products [29] . In order to define the scope and nature of green chemistry, they distinguished 12 principles of green chemistry.
1. Prevention It is better to prevent the formation of pollution and waste than to dispose of it. The continuous process limits the production of waste associated even with the washing of equipment, which cannot be avoided in periodic processes. In addition, the control of appropriate parameters and constant process control allows immediate reaction in case of accidents and, thereby, prevents the formation of undesired products.
2. Atom Economy It is desirable to design such synthesis methods in order to allow maximum use and incorporation into the final product of all materials used in the process. The calculations confirmed by the tests showed that the degree of substrate conversion was over 99%. This shows that the feed material is fully reacted. The product obtained was characterised by high purity (no silver ions). Furthermore, the use of tannic acid, both as a reducer and stabiliser, allowed full use of the potential of the substance and limited the entrance of additional substances.
Less Hazardous Chemical Synthesis
In the given process of obtaining silver nanoparticles, the role of the reducer was played by tannic acid. Tannic acid effectively replaces substances such as hydrazine or sodium borohydride, which are toxic substances and dangerous to the environment. Data from literature provide numerous reports of using nontoxic substances such as: plant extracts [30] or polysaccharides [31] , in processes for obtaining metal nanoparticles, especially silver.
4. Designing Safer Chemicals Products should be created in such a way that they retain their functions while maximising non-toxic products. The choice of process parameters affects the shape and size of the nanoparticles. Thanks to the chute you can achieve the desired properties of the product, e.g. bacteriostatic not biocidal. In many research studies, a decrease in toxicity was confirmed depending on the obtained particle sizes [32, 33] .
5. Safer Solvents and Auxiliary Substances Water was the only solvent used in the applied process, which is a cheap, non-toxic solvent.
6. Design for Energy Efficiency The analysis of the process showed that the synthesis can be carried out in mild conditions. The required process temperature does not exceed 45°C, similar results were previously obtained at ambient temperature, which is an advantage of the method.
7. Use of Renewable Feedstocks In the process, tannic acid acted as a reducer and stabiliser. As a renewable raw material, tannic acid is usually extracted from plants, e.g. Rhus coriaria and Rhus chinensis [34] .
8. Reduce Derivatives It is necessary to limit processes in which derivatives of a product may be generated, thereby increasing the amount of by-products and waste products. This process eliminated the use of additional reagents. Stabilising properties were obtained using tannic acid, which prevents agglomeration of nanosilver.
9. Catalysis The use of catalysts aims to reduce energy consumption, improve selectivity, or enhance process efficiency. In this work, hydroxyl ions were added to the system. The addition of OH -ions have a catalytic effect, significantly speeding up the reaction.
10. Design for Degradation Chemical materials after their period of use should not pose a threat to the environment. Tannic acid has natural origins and is biodegradable. Silver nanoparticles that are not stabilised by tannic acid will agglomerate, making their oxidation impossible.
11. Real-Time Analysis for Pollution By running the process in a continuous system, it is possible to control the process ''in situ''. In-line analysis using control charts allows continuous production monitoring and the ability to react immediately to fluctuations in the process. Thus, it is possible to maintain a constant level of product quality, without changing the size or shape of the particles. Control charts continuously evaluate the process. 12. Inherently Safer Chemistry for Accident Prevention If possible, reagents and production methods should be chosen in order to minimise the risk of accidents. In this process, flammable and toxic reactants such as hydrazine or sodium borohydride were eliminated, replaced by biodegradable tannic acid. The apparatus protects against the release of substances to the environment, limiting the contact of workers with reagents to a minimum. The importance of process control was confirmed, among others, in the works Polte [35] and Thünemann [36] .
In the presented work, the process of continuous nanosilver production using tannic acid as a reducer and stabiliser meets all 12 principles of green chemistry. SPC techniques allow for continuous process monitoring and control of product properties. A rapid response in case of lack of stability in the process is necessary to obtain a reproducible product.
Conclusions
The presented work analysed the continuous process of silver nanoparticles production in a tubular reactor. Twofactor analysis of the variance showed the effect of tannic acid concentration and temperature on the transformation of silver ions and the size of silver nanoparticles. Temperatures of 20°C and 45°C and a 0.5 molar ratio of tannic acid to silver provided the best parameter values. Increases in temperature had a positive effect on the degree of conversion of the resulting silver nanoparticles. In addition, this increase resulted in obtaining nanoparticles with larger diameters. To analyse the stability of the process, control charts based on the UV-Vis and DLS methods were used. The analysis of control charts showed that the continuous process of creating nanosilver with the optimised choice of parameters was a stable process. Process control using the UV-Vis test and Hotelling T2 control charts permitted control over the process. In the event of instability of reactor operation, this enables immediate observation of any process changes, which contributes to improving and maintaining the quality of the final product. The presented method can be more easily combined with other installations (for example adding silver nanoparticles, to give other products biocidal properties).
From the presented analysis it can be concluded that the described method of nanosilver synthesis meets the principles of green chemistry. The reducing-stabilising properties of tannic acid and its natural origin means that this silver nanoparticles preparation method is environmentally friendly. The use of a dual-acting reagent first, does not require the addition of compounds that could influence on the final product and allows to obtain suspension with high concentration nanoparticles, e.g. 500 ppm. Furthermore, constant process conditions reduce energy consumption which limits process costs. UV-Vis techniques with the control charts allow for in-line analysis. Continuous process monitoring enables for better control of product parameters and rapid response in the event of deviations from the stable work of the system.
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